Several of the -herpesviruses are known to have cellular transforming and oncogenic properties. The genomes of eight distinct -herpesviruses have been sequenced, and the resulting database of information has enabled the identification of genetic similarities and diVerences between evolutionarily closely related and distant viruses of the subfamily and between the -herpesviruses and other members of the herpesvirus family. The recognition of coincident loci of genetic divergence between individual -herpesviruses and the identification of novel genes and cellular gene homologues in these genomic regions has delineated a subset of genes that are likely to contribute to the unique biological properties of these viruses. These genes, together with -herpesvirus conserved genes not found in viruses outside the family, might be responsible for virus specific pathogenicity and pathogenic eVects, such as viral associated neoplasia, characteristic of the subfamily. The presence of the -herpesvirus major divergent genomic loci and the apparent increased mutational frequencies of homologous genes (where they occur) within these regions, indicates that these loci possess particular features that drive genetic divergence. Whatever the mechanisms underlying this phenomenon, it potentially provides the basis for the relatively rapid adaptation and evolution of -herpesviruses and the diversity of biological and pathogenic properties. (J Clin Pathol: Mol Pathol 2000;53:222-237) Keywords: -herpesviruses; evolution; oncogenes It is the aim of this review to compile and summarise the main findings from the sequencing of the -herpesviruses with regard to genome coding capacity and gene organisation, and to outline the possible importance of these data as they relate to -herpesvirus evolution and pathogenesis. To date, a grand total of eight -herpesviruses have been sequenced completely, providing a genetic database that is adequate to allow the formulation of ideas and hypotheses concerning the evolution of individual herpesvirus species from a presumed single ancestral genome, and to assess the relative importance and functions of particular genes (acquired from host cells in the recent or distant past) with respect to viral biology and pathogenesis. This review will begin by overviewing the organisation and other aspects of -herpesvirus genomes, including their relations to other members of the herpesvirus family (the -herpesviruses and -herpesviruses), and mechanisms of genomic variation, and then move on to discussions of -herpesvirus divergent genomic loci and the features and potential biological importance of some of the genes encoded by these regions. Breadth of scope and generality of ideas, rather than detailed genetic analyses and comprehensive reviews of gene function, is the aim. Excellent original papers and reviews that deal in depth with specific aspects of herpesvirus genetic analysis, evolutionary origins, and gene function have been published previously. These provide the basis for this chapter and are cited herein.
It is the aim of this review to compile and summarise the main findings from the sequencing of the -herpesviruses with regard to genome coding capacity and gene organisation, and to outline the possible importance of these data as they relate to -herpesvirus evolution and pathogenesis. To date, a grand total of eight -herpesviruses have been sequenced completely, providing a genetic database that is adequate to allow the formulation of ideas and hypotheses concerning the evolution of individual herpesvirus species from a presumed single ancestral genome, and to assess the relative importance and functions of particular genes (acquired from host cells in the recent or distant past) with respect to viral biology and pathogenesis. This review will begin by overviewing the organisation and other aspects of -herpesvirus genomes, including their relations to other members of the herpesvirus family (the -herpesviruses and -herpesviruses), and mechanisms of genomic variation, and then move on to discussions of -herpesvirus divergent genomic loci and the features and potential biological importance of some of the genes encoded by these regions. Breadth of scope and generality of ideas, rather than detailed genetic analyses and comprehensive reviews of gene function, is the aim. Excellent original papers and reviews that deal in depth with specific aspects of herpesvirus genetic analysis, evolutionary origins, and gene function have been published previously. These provide the basis for this chapter and are cited herein.
Herpesvirus subfamilies and genome organisation
The classification of herpesviruses into three major subgroups ( , , and ) was based initially on patterns of in vivo and in vitro biological properties. These included tissue and host specificity of latent and productive infection in vivo, host cell range in tissue culture, and the duration and other characteristics of in vitro productive infection. With respect to the latent tropisms of herpesviruses, the -herpesviruses are neurotropic and include herpes simplex viruses types 1 and 2 (HSV-1 and HSV-2), and varicella zoster virus (VZV); the -herpesviruses are lymphotropic and include Epstein-Barr virus (EBV), human herpesvirus 8 (HHV-8), herpesvirus saimiri (HVS), and murine herpesvirus 68 (MHV-68). The predominant cellular sites of latency of the -herpesviruses-for example, human cytomegalovirus (HCMV) and human herpesviruses 6 and 7 (HHV-6 and HHV-7)-have not been defined.
It has become clear from the results of large scale sequence analyses of herpesvirus genomes that the biological subgroup assignments, as applied to herpesviruses of avian and mammalian hosts, can be correlated with the genetic content, gene organisation, and degree of conservation of homologous herpesvirus genes, as well as with certain non-coding features (such as the conservation of specific types of terminal or internal repetitive elements and deviations in observed versus expected dinucleotide frequencies (see below)) of the viral genomes. Within all characterised herpesvirus genomes there are conserved genes, representing each kinetic class (immediateearly, early, late), which comprise 25-70% of the genes within a particular virus. Many of these conserved "core" genes are clustered together and can be recognised as "gene blocks" within diVerent herpesvirus genomes. 1 The herpesvirus conserved genes within members of a herpesvirus subgroup appear in equivalent locations within appropriately aligned genomes, and in the same relative orientations. [1] [2] [3] [4] [5] [6] [7] [8] [9] In general, these genes are better conserved between members of the same subgroup than they are between subgroups. The derivation of phylogenetic trees through the analysis of degrees of relatedness of these genes has provided strong evidence that herpesviruses have coevolved with their hosts. 10 Members of the same herpesvirus subfamily possess genes common and specific to the subgroup, and these genes, comprising 15-25% of the total genome content, are (in almost all cases) positionally conserved. In addition to the core and subfamily specific genes, each herpesvirus contains unique or partially conserved genes, the "virus specific" genes. These genes may include recognisable cellular gene homologues that have been acquired evolutionarily recently or ancient genes that have since been lost by many or most members of the subgroup. Evidence for the former would be a distribution of genes within a single herpesvirus subfamily reflecting the evolutionary relations among the hosts (for example, HHV-8 and rhesus rhadinovirus (RRV) interleukin 6 (IL-6) and interferon (IFN) regulatory factor (IRF) homologues are found only in these two -herpesviruses); conversely, evidence for gene loss leading to the presence of genes in only certain members of the subfamily would not lead to gene distributions among subfamily members that reflect the evolutionary relations of the host (for example, highly diverged bovine herpesvirus 4 (BHV-4) zinc finger protein (IE1) homologues are present only in HVS, HHV-8, and MHV-68). The virus specific genes might be particularly important contributors to distinctive, and potentially pathogenically important, biological properties of the viruses, but this is more likely to be true of recently acquired genes (the former category, above) than those genes whose counterparts have been lost from related viruses during the evolution of the subfamily.
Mechanisms of herpesvirus genomic variation
It is notable that herpesvirus cellular gene homologues generally do not contain introns. For example, the HVS, HHV-8, and RRV dihydrofolate reductase (DHFR) genes comprise single open reading frames (ORFs). The human DHFR gene contains five introns and spans 30 kb of DNA. 11 Similarly, members of the immunoglobulin gene family contain numerous introns, whereas the Thy-1 homologues in HCMV, HHV-6, and HHV-7 comprise uninterrupted coding sequences. This suggests that the acquisition by herpesviruses of at least some cellular "genes" occurs through mRNA intermediates (lacking introns). However, there are examples of herpesvirus cellular gene homologues that have introns that are positionally (but not structurally) conserved relative to their endogenous counterparts, suggesting that they were derived either from cellular DNA or unprocessed RNA. These include a type-C lectin homologue found in rat cytomegalovirus (RCMV) (WH Burns, 2000, personal communication), the IL-10 genes of primate CMVs, 12 and the U12 and UL33 G protein coupled receptor (GCR) genes encoded by 2 (HHV-6 and HHV-7) and 1 (HCMV and murine CMV (MCMV)) herpesviruses, respectively. 1 13 Conversion of mRNA (or unprocessed RNA) to DNA could involve the action of reverse transcriptase supplied by a coinfecting retrovirus. Evidence of such coinfection comes from the discovery of integrated reticuloendotheliosis virus (REV) and avian leukosis virus (ALV) sequences in the DNA of Marek's disease virus (MDV). 14 15 This also demonstrates that viral as well as cellular sequences can be acquired by herpesvirus genomes. The first reported example of this was the identification of a homologue of the adeno associated virus type 2 (AAV-2) rep gene in the HHV-6 genome, thus providing evidence of direct virus-virus gene transfer (from parvovirus to herpesvirus). 16 The presence in HHV-6, HHV-7, equine herpesvirus 2 (EHV-2), and MDV terminal repeat units of reiterated sequences comprising perfect and imperfect copies of the sequence GGGTTA, corresponding to the telomeric repeat elements at the chromosome termini, indicates either that these sequences have been incorporated into the herpesvirus genomes through recombination events, or that the cellular telomerase has somehow used the viral DNA as a substrate for the addition of telomeric sequences. 1 17-20 The observed distribution of single copies of TAACCC and complementary GGGTTA sequences within the HHV-6 U L region to the left and right, respectively, of the replication origin suggests another model for sequence insertion, namely that an RNA molecule with the TAACCC sequences is involved in the generation of Okazaki fragments on the lagging strand during DNA synthesis. 1 21 In addition to the acquisition of heterologous sequences by herpesviruses, there is also evidence for the duplication of genes or sequence elements and gene loss. Evidence for the former includes the identification of reiterated homologous genes, exemplified by the gene families in HCMV, such as US12, US22, and RL11. 22 These occur mainly as tandemly repeated genes, although family members can be dispersed. Examples of apparent gene amplification are also found among the -herpesviruses, where there are two or more copies of N-formylglycinamide (FGARAT), GCR, IRF, chemokine, and IE1 genes in particular genomes (fig 1) . 2 7 23-28 In addition, EBV, HVS, MHV-68, and herpesvirus ateles (HVA) contain tandemly reiterated copies of DNA polymerase III transcribed genes (EBV early RNAs (EBERs), uRNAs, tRNAs, and uRNAs, respectively). Non-coding repetitive elements are present in every herpesvirus genome investigated. Most striking are the multiply reiterated terminal repeat elements that are typical of the 2 herpesviruses (with the exception of EHV-2; indeed, it has been proposed that EHV-2 might represent a distinct group of -herpesviruses because of its direct terminal repeats 7 ), that together comprise up to 30% of the genome size. No transcripts have been detected from these sequences, and one hypothesis is that they function merely to provide the correct genome length for appropriate DNA packaging and cleavage during virus assembly. One can further hypothesise that the successive loss of coding sequences from the unique component of the genome during evolution has been compensated for by the amplification of repetitive sequences at the genome termini.
Evidence of gene loss is provided by the presence of a crucially important replication gene, that encoding the origin binding protein (OBP), only in the -herpesviruses (HSV-1, VZV, EHV-1, and EHV-4) and in the 2 herpesviruses (HHV-6 and HHV-7). 5 8 32-34 The simplest explanation for the presence of OBP in just two of the (sequenced) -herpesviruses (HHV-6 and HHV-7) in addition to members of the -herpesvirus subgroup is that the OBP gene was present in the ancestral herpesvirus genome that gave rise to the and lineages, and that the gene has since been lost from other -herpesviruses. These other viruses have evolved diVerent replication initiation strategies and have distinct origins of replication. 32 35-38 An example of probable gene loss from the 2 lineage is the IE1 gene of BHV-4 (a bovine herpesvirus) that has homologues in HVS (squirrel monkey), HHV-8 (human), and MHV-68 (mouse) but not in HVA (spider monkey), RRV (rhesus macaque), EHV-2 (horse), or alcelaphine herpesvirus 1 (AHV-1; wilderbeest). Similarly, the presence of IL-8 receptor (IL-8R) related GCR homologues in the -2 herpesviruses HVS, EHV-2, HHV-8, RRV, and HVA, but not in the closely related 2 herpesviruses MHV-68 and AHV-1 (fig 1; table 1 ) indicates the loss of IL-8R homologues from the MHV-68 and AHV-1 genomes.
CpG suppression in the -herpesviruses
One notable non-coding feature of most sequenced -herpesvirus genomes is that they have a lower frequency of CpG dinucleotides than would be expected from the mononucleotide composition of the genomes. Corresponding increases in TpG and CpA dinucleotide frequencies above those expected are consistent with the hypothesis that these non-random dinucleotide frequencies result from the methylation/deamination of C nucleotides (to give T), leading to the depletion of CpG and an excess of TpG (and the complement CpA). 39 Thus, CpG suppression has been taken as an indication that viral genomes displaying this feature persist in a latent state in a dividing cell, and that the viral DNA is accessible to the action of cellular methylases. However, evolutionary drift of dinucleotide frequencies resulting from diVerences in nucleotide stacking energies has also been proposed, 40 although it is unclear why, on this basis, members of the -herpesviruses should be unique among large DNA viruses in their susceptibility to select against thermodynamically stable CpG dinucleotides. HHV-8 and RRV are notably distinct from the previously sequenced -herpesviruses in that CpG, TpG, and CpA frequencies do not deviated substantially from those expected from the GC content of the viral DNA. [24] [25] [26] This could indicate that the latent states of HHV-8 and RRV are fundamentally distinct from those of other characterised members of the subfamily, and that the viral genomes representing the reservoir vis a vis propagation persist in a non-dividing or methylase deficient cell type, or are somehow masked from the action of cellular methylases (assuming methylation/deamination to be the cause of CpG suppression). The latter scenario might apply to the -herpesviruses, which show local depletion of CpG dinucleotides within only the major immediate-early loci, 34 39 41-43 presumably reflecting restricted accessibility of methylases to regions outside these loci. Although the underlying reason for the absence of CpG suppression in HHV-8 and RRV is unknown at present, it is tempting to speculate that this reflects biological properties, related to latency, that are common and specific to these and closely related 2 herpesviruses. Consistent with this idea is that sequences published for retroperitoneal fibromatosis virus (RPFV) strains, derived from diVerent macaque species and thought to be evolutionarily closely related to HHV-8 and RRV, also show essentially random frequencies of CpG, TpG, and CpA dinucleotides.
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-Herpesvirus major divergent loci Despite general genetic collinearity among herpesviruses within the same subfamily there are regions of appreciable genetic divergence. This is seen most notably at the genome termini, essentially outside the central core of conserved genes, but occurs also between conserved gene blocks, usually comprising a clustering of unique or partially conserved genes at analogous loci in coaligned genomes. 1 2 5 24 42 45 46 This is illustrated for the sequenced -herpesviruses in fig 1.
Coincidence of genetic divergence at particular genomic locations suggests that these loci have features that allow more ready loss or acquisition of genetic material, or that they are more susceptible to and/or can accommodate higher rates of mutational change without adverse eVects on replication eYciency. The observed coincident major divergent loci could be accounted for by the diVerential loss of genetic material from a common progenitor genome, acquisition of new genes from the host cell or a coinfecting virus, or by extensive mutational changes accommodated preferentially at these positions. As outlined above, there is evidence for both gene loss and gene acquisition by herpesvirus genomes, although the possible mechanisms that could lead to repeated gene insertions at a single genetic locus are uncertain. It is possible that increased recombination frequency occurs at the genome Table 1 Genes of the sequenced -herpesviruses 2 7 23-26 28-30 Gene block termini as a consequence of the presence of nicked and cut DNA resulting from cleavage events during packaging. Replication initiation could also be relevant to recombination events occurring within the DL-A, DL-B, and DL-D regions, containing known or suspected latent and/or lytic replication origins. [47] [48] [49] [50] [51] [52] [53] [54] [55] It is also possible that the presence of repetitive elements within many of the DL regions (fig 1) leads to genetic instability through homologous recombination, and such events would be predicted to facilitate genetic change through loss, acquisition, and duplication of sequence elements.
Genomic sequencing of multiple members of the -herpesviruses has allowed the identification and delineation of the major divergent loci. 2 23-26 28-31 46 They are referred to here as -herpesvirus divergent loci A to D ( DL-A to DL-D; fig 1) . The nomenclature is diVerent to that used previously 51 ; here, " DL" refers to those loci that are divergent between multiple members of the subfamily. The genes encoded by the DLs of the sequenced -herpesviruses are listed in table 1 along with the other genes specified by these viruses. Of particular interest is that in many of the -herpesviruses, genes specified by DL-A and DL-D sequences include those corresponding to demonstrated or putative latency genes that play roles in episomal maintenance or cellular transformation (see below). The DL-C region of EBV also specifies latency genes, but the roles of ORFs 51 (HVS, EHV-2, and HVA), K8 and K8.1 (HHV-8), M7 (MHV-68), and A6 to A8 (AHV-1) at coincident loci in their respective 2 viral genomes remain to be determined. It is important to note, however, that K8 transcripts and encoded proteins show structural similarity to EBV Zta products; the Zta basic leucine zipper (bZIP) protein is involved in transcriptional activation of EBV lytic cycle genes and in lytic viral DNA replication. [56] [57] [58] [59] [60] [61] [62] [63] The DL-D loci are highly divergent, but contain several common or largely conserved genes, including homologues of HHV-8 latency nuclear antigen (referred to as LNA or LANA;), 64 65 D-type cyclin, GCR, FLICE inhibitory protein (FLIP), and N-formylglycinamide ribotide amidotransferase (FGARAT; previously referred to as 140 kDa membrane antigen and 160 kDa virion protein in EBV and HVS, respectively). The DL-B locus is also highly diverged and genes within this region include the cytokines vIL-6, macrophage inflammatory protein 1 homologues vMIP-1A (vMIP-I) and vMIP-1B (vMIP-II), and the -chemokine related BCK (vMIP-III) in HHV-8, and vIL-6 and vMIP in RRV; putative immediate-early/ regulatory genes (IE1) in HVS, HHV-8, and MHV-68; bcl-2 homologues in HVS, RRV, HHV-8, and HVA; immediate-early/ superantigen (IE/SAg) genes in HVS and HVA; GCR-like genes in EHV-2, AHV-1, and possibly EBV; and DHFR (HHV-8) and thymidylate synthase (TS) genes in HHV-8 and RRV, apparently acquired independently of homologous genes within the HVS DL-A and DL-D loci, as indicated by their diVerent genomic locations and their relative degrees of 
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Homologous genes are generally listed in the same rows; non-homologous genes listed in the same rows are italicised. Homologous and/or functionally analogous genes within the divergent loci ( DL-A to DL-D) are indicated in bold type; the multiple IRF genes in HHV-8 and RRV are homologous, but "closest neighbours" are diYcult to define.
Some HHV-8 IRF ORF numbers diVer from those published previously (24, 25) sequence similarity to each other and their host equivalents (the viral TS translation products are no more similar to each other than to various host TS proteins and HVS DHFR is far more highly diverged from cellular DHFRs than are those of HHV-8 and RRV). 23 26-31 45 66 In addition to the diverse complement of genes found within the DL-B loci, there is considerable divergence of homologous genes within this region (for example, the IE1, bcl-2, IL-6, and chemokine genes, where present, are highly diverged between diVerent viruses), as is the case for homologous genes within the DL-D locus (for example, vFLIP, cyclin, LNA, Ox-2, and GCR). Similarly, within DL-A the HHV-8 K1 gene shows extensive divergence between strains, and the collinear "functional homologues" latent membrane protein 1 (LMP-1), saimiri transformation protein (STP), R1, and Tio in EBV, HVS, RRV, and HVA, respectively, have no or little (STP/Tio) amino acid sequence similarity. 23 67-69 Furthermore, there are three distinct STP alleles (with some A subtypes, at least, showing relatively high degrees of divergence) and two distinct K15 alleles (within DL-D) among diVerent strains of HVS and HHV-8, providing additional evidence of DL-A and DL-D susceptibility to genetic alteration, possibly involving interspecies recombination. 68 70-74 There is also evidence of tandem duplication and high rates of mutational change of the multiple IRF genes (presumably derived from an evolutionarily recently acquired single gene) in the "IRF locus" of HHV-8 and RRV (fig 1; table 1 ). Divergence of genetic content and homologous genes within the major divergent loci could reflect the location of these genes at or near replication origins, repetitive sequence elements, and/or genome termini.
Recognition of the -herpesvirus divergent loci, within the context of otherwise stable genomes in which the core replication and structural genes are, in general, highly conserved, is important because it indicates that the acquisition of unique genes, in addition to gene loss and extensive mutational changes, is relatively commonplace and could provide the mechanistic basis of speciation among these viruses. Thus, the acquisition of specialised functions could confer unique and biologically profound properties to the virus, eVecting segregation into distinct biological niches, with high rates of mutation of DL genes providing the basis for fine tuning of gene function through natural selection. Selected sequencing of the DLs of newly discovered -herpesviruses can allow for the rapid discovery of new genes likely to contribute to the distinct biological and pathogenic properties of these viruses. 45 75 General, -herpesvirus specific, and virus specific functions evaluated by genome comparisons The availability of complete genome sequences for eight of the -herpesviruses, together with sequence determinations for multiple members of the -herpesviruses and -herpesviruses, allows an assessment of the generality or specificity of their functions with respect to herpesvirus biology, based on their particular distributions among herpesvirus genomes. The genes listed in table 2 have been categorised to reflect their general or specific occurrence in herpesvirus genomes, as viewed from the perspective of the -herpesviruses. The "core" genes listed are examples of those genes that occur in every herpesvirus and that function as "housekeeping" genes, enabling infection, replication, and assembly of the viruses. The "cross subfamily" genes are those that are present only in some herpesviruses, but are not confined to one subfamily. They might be derived from single ancestral genes (before the formation of subfamily lineages) or acquired (46) Ox-2 (HHV-8, RRV) dUTPase (54) IL-10 (EBV, EHV-2) M transactivator (57) Serpin (MHV-68) Processivity factor (59) Semaphorin (MHV-68) Ribonucleotide reductase (61) Pol. III RNAs ‡ (EBV, HVS, MHV-68, HVA) Large tegument protein (64) Numbers in parentheses correspond to HVS ORF designations. The list of core genes is not comprehensive, it gives examples only. *These genes are not present in EHV-2 or AHV-1. **Bcl-2 homologues present in every herpesvirus, but not all in same genomic locus. ***Most - 2 independently through distinct recombination events. GCR and Ox-2 homologues present in the -herpesviruses (equivalents of HCMV UL78 and HHV-6/HHV-7 ORFs U51 and U85) and -herpesviruses (equivalents of HVS gene 74, and the K14 and R15 genes of HHV-8 and RRV) are possible examples of the former, whereas the chemokine genes of HCMV (UL146 and UL147) and MCMV (M131/ 129) are probably unrelated to those that are present in HHV-8 and RRV. [76] [77] [78] These genes, whether acquired independently or derived from common ancestral viral genes, could be considered to be essentially "modulatory" in function, conferring general selective advantages, that may be genome and cell specific, rather than profoundly unique properties that might be involved in virus speciation or contribute to virus specific pathogenic properties. However, it is also possible that genes that are directly homologous but diverged, or that are distant members the same gene family (such as chemokines or GCRs), could specify functions that are fundamentally distinct vis a vis virus biology and pathogenesis. The " general" genes are those that are confined to the -herpesviruses and that are, in general, -herpesvirus conserved, indicating that these genes might be important for virus replication and latency in biological niches occupied by all or most members of the subfamily. These genes include those that define general -herpesvirus properties. The " virus specific" genes, present only in particular members of the subfamily and predicted to specify specialised functions, include IL-6 (HHV-8 and RRV), IL-10 (EBV and EHV-2), IL-17 (HVS), IRFs (HHV-8 and RRV), IE14/SAg (HVS and HVA), and CD59 (HVS). These genes are likely to be involved in various aspects of cell signalling and gene regulation (cytokines, IRFs, and IE14/SAg) and immune evasion (CD59) that are important during lytic replication and/or latency. 24 79-94 The HVS encoded superantigen homologue (specified by ORF14) provides an example of a virus specific gene that contributes directly to HVS pathogenesis; a viral ORF14 deletion mutant was found to be non-transforming in vitro and was nononcogenic and could not persist at high levels in vivo. 82 The group of virus specific genes also includes those encoding the demonstrated or putative transforming latent membrane proteins LMP-1 (EBV), STP (HVS), K1 (HHV-8), R1 (RRV), and Tio (HVA), and HUS-C Tip and LMP-2 that are likely to be functionally analogous (see below) and possibly homologous (evolutionarily related) despite their lack of discernable amino acid sequence similarity. As such, they might more appropriately belong in the " general" category (table 2), but possible equivalents of these genes in EHV-2, MHV-68, and AHV-1 have not been identified. The latency membrane proteins, EBNA/LNA and other genes likely to be of special relevance to viral persistence, transformation, and pathogenesis are discussed below.
Membrane proteins associated with transformation
For at least four of the -herpesviruses, genes expressed during latency and/or encoding transforming functions have been identified at the left ends (HVS orientation) of the genomes. Thus in EBV, HVS, HHV-8, and RRV, collinear genes present at the left genome termini have been shown to transform cells in various in vitro and in vivo experiments. EBV, HVS, HHV-8, and RRV transforming genes encode LMP-1, STP, and the K1 and R1 membrane proteins, respectively, each of which has demonstrable immortalising functions, and some of which have been shown to eVect or be necessary for virus induced transformation in vivo.
95-102 LMP-1, STP, K1, and R1 do not share discernable amino acid sequence similarity, but they appear to be functionally equivalent, and are involved in the constitutive cell proliferation signalling necessary for (or likely to be involved in for K1 and R1) virus induced transformation. Whereas the 1 specified LMP-1 is a six transmembrane spanning protein, its positional and functional equivalents in the 2 herpesviruses are single transmembrane domain proteins. Each is able to induce cell proliferation signals, although the mechanistic basis of signal transduction is distinct for LMP-1/STP and K1/R1. LMP-1 and STP associate with tumour necrosis factor (TNF) receptor associated factors (TRAFs), with LMP-1 also associating with TNF receptor associated death domain (TRADD) protein, whereas the K1 and R1 proteins of HHV-8 and RRV contain immunoreceptor tyrosine based activation motifs (ITAMs), which interact with several cellular signalling protein tyrosine kinases, such as Vav and Syk, to eVect cellular proliferation. 97 100 103-110 In addition to STP, HVS strains C (but not strains A and B) contain an adjacent gene encoded by a bicistronic transcript also containing the STP ORF that specifies a protein, TIP (tyrosine kinase interacting protein), which is expressed during HVS latency, at least in experimentally infected cells. 95 111 TIP interacts with the T cell tyrosine kinase Lck to inhibit T cell receptor (TCR) mediated signal transduction, thereby negatively modulating the transforming activity of HVS-C viruses. 95 112 113 Notably, EBV LMP-2 is functionally equivalent to TIP in that it inhibits B cell activation, 114 a function thought to be important in the maintenance of viral latency in lymphoblastoid cells. LMP-2 is a 12 transmembrane domain protein containing two N-terminal cytoplasmic ITAM motifs that can interact with Src family tyrosine kinases and Syk to eVect intracellular signalling, [114] [115] [116] [117] although the importance of such signalling is uncertain and LMP-2 is dispensable for the EBV immortalisation of B cells. 118 119 In HHV-8, the K15 gene encodes a 12 transmembrane domain protein containing tyrosine kinase protein binding motifs (YASIL and YEEVL). 71 74 120 The K15 gene product has been shown to inhibit B cell receptor signalling, 120 thereby displaying properties similar to LMP-2 and TIP. The collinear genomic positions of K15 and LMP-2, and their functional and splicing similarities, 71 74 indicate that they share evolutionary origins.
Importantly from an evolutionary perspective, the STP and K1 proteins are known to be highly divergent between diVerent strains of HVS and HHV-8. 51 69 72 73 121 Three types of STP have been recognised, encoded by the A, B, and C subtypes of HVS, and the oncogenic potential of strains from each HVS type appears to correlate with the particular STP that they specify. 70 73 122 123 The overall structures of these proteins are generally analogous, with an acidic N-terminus and transmembrane domain followed by a region comprised of collagen-like repeats and a C-terminal hydrophobic cytoplasmic domain. In addition to intersubtype STP variation, STP proteins from diVerent HVS-A isolates show considerable heterogeneity. 72 For K1, high degrees (far in excess of expected intraspecies protein diVerences) of sequence variation are seen across the entire lengths of the proteins and even higher divergence within two extracellular domains, VR1 and VR2. 68 69 These variations group into at least four subtypes (A to D), likely to reflect long term evolutionary divergence of the type seen with other herpesvirus proteins, with intrasubgroup variations, largely concentrated within the VR loops, defining several clades that are likely to have arisen over a far shorter time frame. 68 The latter variations in K1 are distinctive, in that the observed nucleotide changes within the VR coding sequences are largely non-random, with a bias in favour of amino acid changes; that is, these changes result from the positive selection of appropriately modified K1 proteins for reasons that might involve immune evasion, K1 restricted host infectibility, or K1 restricted host cell range. 68 The fact that the positionally and functionally analogous (but not detectably similar with respect to amino acid sequence) STP and K1 proteins show pronounced variation between isolates strengthens the hypothesis that their genes might be evolutionarily related, because high rates of mutational changes over an evolutionary time scale (since the divergence of the human and simian hosts) in proportion to the more recent divergence of these proteins between diVerent virus isolates would inevitably have led to amino acid changes so extensive as to obliterate recognisable sequence similarities.
Finally, mention should be made of the HVA and MHV-68 genes Tio ("two in one") and M2 that are specified by sequences collinear with STP/K1/R1/LMP-1. 23 28 The Tio ORF encodes a protein that is homologous to both STP (most closely related to STP-C) and TIP (hence "Tio"). Both Tio and M2 are expressed in latently infected, transformed cells, consistent with the notion that they are (Tio) or could be (M2) analogous to their positional counterparts in HVS, HHV-8, RRV, and EBV; Tio has been shown to bind Src family kinases. 124 125 Nuclear latency proteins It has been shown that EBV ( 1 ) and HHV-8 ( 2 ) encode nuclear proteins that are expressed during latency and that play roles in episomal genome maintenance and replication and/or promoting cellular proliferation. However, the genes for these proteins are distinct in the 1 and 2 viruses, being specified by sequences corresponding to DL-C and DL-D in EBV and DL-D in HHV-8 and other 2 genomes (fig 1) . EBV nuclear antigen 1 (EBNA1) and EBNA2 play roles in plasmid maintenance and cellular proliferation/transformation, respectively, whereas EBNA3 proteins (A, B, and C; products of three tandemly repeated homologous genes) appear to control the expression of EBNA and other latency proteins through specifically targeted promoter repression. [126] [127] [128] [129] [130] [131] [132] [133] In the case of HHV-8, the product of ORF73, referred to as LNA or LANA, has been detected in all Kaposi's sarcoma and primary eVusion lymphoma cells latently infected with HHV-8, where the protein localises in the nuclei to form punctate patterns that may represent viral DNA replication compartments. 47 48 64 65 134 135 It is thought that both EBNA1 and LNA, which recognise and bind to (or near to) latency replication origins, allow segregation of viral genomes during cell division by their co-association with chromosomes, irrespective of other potential roles in viral replication. Homologues of EBNAs (1, 2, and 3) and LNA are specified by other 1 and 2 herpesviruses (with the exception of EHV-2), respectively, although their roles (and expression patterns, for the LNA homologues) have not been defined. It is notable that the homologues of EBNA2 and LNA are highly diverged relative to other conserved genes, and, indeed, that EBNA2 and EBNA3 proteins from diVerent EBV isolates group into two subtypes, which show a degree of divergence that is reminiscent of the A, B, and C subtypes of HVS STP. The predicted products of most of the ORF73 genes contain a variable number of repetitive elements comprising acidic residues, and diVerences in the lengths of this domain in diVerent HHV-8 isolates have been reported. 138 For EBNA2, at least, sequence divergence between the EBV and herpesvirus papio (HVP) encoded proteins, although extensive, would appear not to aVect major conserved functions, because motifs necessary for nuclear localisation, transactivation, and interactions with CBF1, SKIP, and Sin3A (important for transcriptional control of EBNA2 targeted promoters) are conserved (SD Hayward, 2000, personal communication). 128 129 139 140 Conservation of function despite structural divergence would also be predicted for the 2 ORF73 encoded proteins, and perhaps functional domains are represented by the acidic repeats and other limited regions of structural similarity shared by these homologues. However, it must be noted that latent transcription of the ORF73 locus, within the divergent DL-D region, has been reported only for HHV-8 and MHV-68, with the latter detected only by reverse transcription polymerase chain reaction (RT-PCR). 125 
141
HHV-8 and RRV cytokines and IRFs
Of evolutionary relevance and potential importance with respect to viral pathogenesis are the findings that HHV-8 and RRV each encode homologues of IL-6, chemokines, and IRFs, genes not present in any other sequenced -herpesvirus. Therefore, these genes might have functions that have a bearing on the speciation and/or particular pathogenic properties of these Kaposi's sarcoma and fibromatosis associated viruses. The cytokines are encoded by sequences within the DL-B locus, whereas the IRFs, of which there are four and eight copies in HHV-8 and RRV, respectively, are present within a distinct locus that disrupts -herpesvirus gene block IV ( fig 1) ; presumably, genes within the IRF loci of HHV-8 and RRV were evolutionarily recently acquired. The degrees of amino acid sequence similarities between the RRV and HHV-8 encoded IRFs and between these IRFs and their cellular homologues suggest that HHV-8 K9 represents the ancestral herpesvirus gene from which the other HHV-8 and RRV IRF genes were derived.
26 K9 is most closely related to human IRF3. 25 With regard to the chemokine genes, there are three specified by HHV-8 and one specified by RRV. The HHV-8 K4 and K6 gene products are most similar to human MIP-1 (38% and 45% amino acid identity, respectively), of those cellular chemokines that are known, whereas the K4.5 protein has no clear nearest relative among the characterised endogenous chemokines. The fact that the K4 (MIP-1B or MIP-II) and K6 (MIP-1A or MIP-I) specified proteins are more closely related to each other (50% identity) than to human MIP-1 indicates that K4 and K6 have arisen by duplication within the HHV-8 genome; the K4.5 (BCK or MIP-III) gene might have arisen through gene duplication or may have been acquired from the host cell independently. The MIP gene of RRV (specified by R3), also occurring within the DL-B locus, is likely to share its origins with HHV-8 K4, with which it shares greatest amino acid sequence similarity (32% identity). 26 Finally, the collinear IL-6 gene homologues in HHV-8 and RRV are also likely to share their evolutionary origin. However, whereas the IL-6 protein specified by K2 of HHV-8 shows clear, although diverged, sequence similarity to human IL-6 (25% identity), the RRV protein (encoded by R2) shares very little sequence similarity to either the rhesus macaque or HHV-8 IL-6 proteins (18% and 13% identity, respectively). Notwithstanding, the R2 protein, in addition to the product of K2, is functional in various assays. 75 90 142 143 The roles of the HHV-8 and RRV cytokines and IRFs in virus biology and pathogenesis remain to be determined. It has been shown that vMIP-1A (vMIP-I) and vMIP-1B (vMIP-II) bind a broad range of CC chemokine receptors and at least one CXC chemokine receptor (CXCR4), but in most cases interaction does not result in receptor signalling, indicating that antagonist functions may be biologically relevant. 90 144 145 However, vMIP-1A and vMIP-1B do interact productively with CCR8 (present on T helper type 2 (Th2) cells), as does BCK (ORF4.5 product) with Th2 expressed CCR4, suggesting that these viral chemokines might lead to polarisation of the immune response away from Th1 mediated cell lysis, thereby helping HHV-8 infected cells to evade the immune response. 81 83 146 147 In addition, vMIP-1B has been shown to signal through CCR3 receptors, a function shared by the MCMV m131/129 product that appears to be important for virus production in vivo, probably through the promotion of virus dissemination via infiltrating leucocytes and through immune evasion. 148 149 A role in virus dissemination through neutrophils has been proposed for the CXC chemokine product of HCMV UL146, which signals through CXCR2. 150 HHV-8 vMIP-1A, vMIP-1B, and BCK have been shown to eVect angiogenesis in a chick chorioallantoic membrane assay, suggesting that they might play roles in the development of Kaposi's sarcoma. 144 147 The precise in vivo functions and potential pathogenic eVects of the HHV-8 and RRV chemokines remain to be determined. However, it seems possible that common functions of herpesvirus encoded chemokines include immune evasion and virus dissemination, of importance to both -herpesviruses and -herpesviruses, irrespective of the evolutionary origins of these genes.
The vIL-6 proteins of HHV-8 and RRV have potential roles in pathogenesis. IL-6 has long been implicated in the development and progression of Kaposi's sarcoma and multicentric Castleman's disease, with which HHV-8 is associated, and also diseases such as multiple myeloma. [151] [152] [153] [154] More recently, human IL-6 (hIL-6) and HHV-8 vIL-6 have been implicated as mitogenic factors in HHV-8 associated primary eVusion lymphoma. 155 156 HHV-8 vIL-6, like the viral chemokines, has been shown to eVect angiogenesis and to enhance tumour formation in an animal model system, eVects mediated in part through vascular endothelial growth factor (VEGF). 157 vIL-6, in contrast to endogenous IL-6 proteins, is not dependent on the IL-6 receptor -component (gp80, IL-6R) for cell signalling through the gp130 signal transducer, although IL-6R appears to be able to form complexes with vIL-6 and gp130 and to enhance vIL-6 signalling. 158 159 IL-6R independent signalling by vIL-6 indicates that it might have a less restricted target cell range and greater ability to eVect signal transduction than its IL-6R dependent endogenous counterpart, a feature that might be important in the development of HHV-8 associated disease. The importance of the divergence of RRV vIL-6 from its cellular and HHV-8 homologues is open to speculation, but it is possible that it reflects diVerences in receptor recognition that result in expanded target cell range, or other eVects that are of advantage to RRV during latency or lytic replication. For HHV-8, it has been established that vIL-6 can be expressed during latency (or at least in the absence of full productive replication), although its expression is induced during lytic replication. 75 90 160 161 Its expression, to varying degrees, in primary eVusion lymphoma, multicentric Castleman's disease, and Kaposi's sarcoma is consistent with its hypothesised role in HHV-8 pathogenesis.
The presence of IRF homologues in HHV-8 and RRV is important because it indicates a novel viral strategy for manipulating cellular signalling pathways that could be relevant to viral pathogenesis. It has been shown that the K9 gene of HHV-8 is expressed in primary eVusion lymphoma cells and that its product, vIRF-1, inhibits IRF-1 mediated IFN induction of cell apoptosis, eVectively blocking the activation of tumour suppressor pathways to enable the survival of infected cells. 84 90 92 A possible consequence of vIRF-1 function is to promote cellular transformation in vivo, thereby contributing to the development of primary eVusion lymphoma and possibly other neoplasms. vIRF-1 expressed stably in NIH-3T3 cells leads to cell transformation, as measured by morphological changes, cell growth in soft agar and at reduced serum concentrations, and the formation of tumours in nude mice. 84 92 vIRF-2, encoded by HHV-8 K11.1 (fig 1) , is likely to have functions similar to vIRF-1, in that it has been established that it can inhibit cellular IRF-1 and IRF-3 mediated transcription of the IFN-gene promoter. 162 vIRF-1 and vIRF-2 appear to mediate their eVects at least in part through direct binding to and inhibition of cellular IRFs, and by competitive binding with cellular transcription factors to the p300 transcriptional coactivator. 80 162 In addition, vIRF-2 can bind directly to RelA (p65) promoter binding sites, thereby inhibiting IFN signalling through nuclear factor B (NF-B). 80 It is likely that the other vIRF genes of HHV-8 and those of RRV encode similar activities that serve to inhibit the cell's normal antiviral response to infection. The pathogenic consequences of these functions, which inhibit tumour suppressor pathways, might be to promote cell growth and neoplasia.
-Herpesvirus general cellular gene homologues Several cellular gene homologues other than those included among the "core" herpesvirus genes have been identified in the -herpesviruses, many of these being unique to this subfamily. As indicated in table 2, these can be divided into two groups, those that are generally conserved among -herpesvirus members and those that are present only in one or a few members of the subfamily. This distinction is important because, as stated previously, those genes that are common among many viruses are likely to specify general functions and properties characteristic of the subfamily, whereas virus specific genes may confer unique properties that at least in part account for distinctive biological properties of individual viruses. On this basis, the " general" genes listed in table 2 would be predicted to specify functions of general selective advantage in the context of the biological niche occupied by the -herpesviruses (or 1 or herpesviruses-for example EBNAs ( 1 ) and LNA ( 2 ), might specify functions that contribute to the distinctive properties of these two groups of viruses or allow them to replicate in diVerent cellular environments.
GCR, cyclin-D, bcl-2, vFLIP, and FGARAT genes are essentially common genes, even though cyclin-D and vFLIP are found only in the 2 viruses (but not all) and GCR homologues distinct from ORF74 are present in the DL-B loci of EBV, EHV-2, and AHV-1, with EHV-2 also specifying an ORF74 equivalent and a third GCR gene (E1, encoding a functional chemokine receptor) within the terminal direct repeat units. 7 31 163 Although EBV does not encode an ORF74-type GCR or a cyclin-D gene, it does induce the expression of homologous cellular genes in lytically infected cells. [164] [165] [166] The functions of bcl-2 and vFLIP are likely to be important during lytic infection, counteracting antiviral apoptotic responses of the infected cell to prolong cell survival for greater production of virus progeny. [167] [168] [169] However, vFLIP is known to be expressed during latency in HHV-8, and it is possible, therefore, that it serves a role in protecting latently infected cells from apoptosis. 170 The cyclin-D gene of HHV-8 is also transcribed during latency, consistent with the idea that the -herpesvirus cyclin-D homologues might play a role in virus induced transformation. [171] [172] [173] [174] Regardless of whether this is the case, it is apparent that at least one viral cyclin, that specified by MHV-68, is required for the reactivation of lytic replication from latency in vivo; a cyclin deletion mutant of MHV-68, although able to undergo normal productive replication in culture and establish latency in infected mice, showed reduced lytic replication in vivo and was almost completely abrogated in its ability to reactivate from latency (an eVect unrelated to replication eYciency before the establishment of latency). 175 MHV-68 cyclin is known to be expressed during lytic replication, not during latency. 141 176 Viral cyclin D proteins might be essential for establishing the intracellular environment conducive for lytic replication in the particular cell types normally latently infected by many of the 2 herpesviruses.
Conclusions
In this review I have outlined what I consider to be the main important features regarding the genetic composition and organisation of the -herpesvirus genomes and given brief descriptions of gene functions that are likely to be particularly relevant to -herpesvirus evolution, biology, and pathogenesis. The main conclusions deriving from genetic comparisons are that: (1) -herpesvirus genomes, like those of the other herpesvirus subfamilies, are organised into conserved gene blocks; (2) in the -herpesviruses, these conserved gene blocks are separated by coincident divergent loci ( DL-A to DL-D); (3) homologous genes within the divergent loci often show unusually high degrees of sequence divergence, relative to other homologous genes; (4) acquisition of cel-lular gene homologues by the -herpesviruses is a relatively common event (on an evolutionary time scale), suggesting that these viruses can readily acquire new functions that might serve to drive speciation by allowing the occupation of new biological niches; and (5) gene acquisition, gene loss, and high frequency mutational changes at the major -herpesvirus divergent loci might be facilitated by the presence of repetitive sequence elements and/or replication origins. Another important point is that gene functions, although not necessarily encoded amino acid sequences, might correlate with genetic loci, allowing predictions to be made about the possible functions of collinear, apparently non-homologous genes. EBV, HVS, HHV-8, and RRV each specify genes within DL-A that have been shown to have transforming functions in in vitro and/or in vivo experimental systems. Furthermore, the LMP-2 and K15 genes at the right ends of the genomes of EBV and HHV-8 appear to be functionally equivalent; these share properties with HVS-C Tip and HVA Tio (at the left ends of their genomes). The DL-D region can perhaps be thought of generally as a "latency maintenance" locus; genes in EBV, HVS, and HHV-8 DL-D have been shown to be transcribed during latency, and DL-D genes include LMP2 and EBNA2 (BYRF1) of EBV, and the 2 genes LNA (ORF73, HHV-8), kaposin (ORFK12, HHV-8), K15 (HHV-8), cyclin (ORF72), vFLIP (ORF71), and GCR (ORF74), which can/could play roles in the maintenance of latency (LMP2, EBNA2, LNA, and K15), maintenance of cell survival/ proliferation (kaposin, vFLIP, cyclin, and GCR), or in reactivation from latency (cyclin). Lytic origins of replication might be common to the DL-D loci. The DL-C locus in EBV contains Zta and EBNA1/3 coding sequences and, therefore, is, like DL-D, a "latency maintenance" locus in this -herpesvirus. In the 2 viruses, the functions of the few encoded DL-C genes have not been defined, although HHV-8 would appear to have a highly diverged homologue (K8) of Zta. The DL-B locus ranges from apparently non-coding (HVA) to a "sink" for diverse cellular gene homologues (HHV-8). In each virus, this locus is likely to contain a lytic replication origin (as has been shown for EBV and suspected for HHV-8; repetitive elements, possibly indicative of replication origins, have been noted for some of the other 2 herpesviruses). The IRF loci of HHV-8 and RRV are not present in the other sequenced -herpesviruses, and it is likely that the IRF genes are involved in the inhibition of IFN mediated antiviral responses, perhaps contributing to viral pathogenesis through eVects on cell growth and transformation. Other virus specific genes (not conserved among most -herpesviruses), such as vIL-6 and possibly the v-chemokines (also present in HHV-8 and RRV), might contribute to the unique and distinctive properties of the respective viruses; however, such genes that are present in herpesviruses outside the -herpesvirus subfamily, for example Ox-2, GCRs, and chemokines, might specify more generalised functions. The present database of -herpesvirus genome sequences has provided insight into the evolution of these viruses and allowed the identification of genes likely to contribute to virus specific properties. Further herpesvirus genome sequencing will allow us to expand our understanding of the molecular basis of herpesvirus evolution and diversity.
